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Knowledge of life-history characteristics and patterns of connectivity are important 
parameters to fisheries management, especially for species inhabiting hard to reach 
environments, such as the deep-sea. Golden Tilefish (Lopholatilus chamaeleonticeps) are 
slow growing, long-lived, demersal species that exhibit a patchy distribution along the 
continental shelf-edge of the NW Atlantic Ocean. Golden Tilefish create burrows in the 
clay sediment and maintain high site fidelity. These characteristics suggest the possibility 
of localized subpopulations across the species’ distribution; an important consideration 
for the resilience of this species to fishing pressure. My objectives are (1) to estimate age, 
and model growth of fish captured from a fishery-independent survey and compare these 
estimates to assessments derived from fishery-dependent data, and (2) to investigate 
temporal and spatial patterns of habitat connectivity using otolith elemental signatures as 
natural tags that discriminate subpopulations. Age and growth estimates were consistent 
consistency with previous assessments and provided an unbiased analysis of the 
population that can be used for further monitoring. Analysis of elemental profiles 
indicated subtle spatial differences, suggesting the application for delineating 
subpopulations. Elemental profiles also varied between years and may represent differing 
environmental characteristics experienced by the individuals during their pelagic larval 
stage and subsequent settlement. My thesis contributes age, growth and population 




1 GENERAL INTRODUCTION 
1.1 Deep-Sea Fisheries  
Steep declines in commercially important fish populations during the past 50 
years are well documented (Hutchings 2000, Myers and Worm 2003, McBride et al. 
2013), as are the effects of fishing on ecosystems and population production (Pikitch et 
al. 2004, Worm et al. 2009). Long-term exploitation of marine fishes has the potential to 
change the overall structure of food webs as well as individual populations (Jennings et 
al. 1999). Beyond declines in overall abundance, fishing can increase population 
variability over time in comparison to unexploited species, particularly for size-selective 
fisheries (Hsieh et al. 2006, Garcia et al. 2012). This can result from both market demand 
and management actions. Long-term exploitation and selection of larger individuals in a 
cohort have been associated with reductions of size, age, size-at-maturity, and 
reproductive capacity (Hutchings 2000, Hixon et al. 2014). Additionally, with gear that 
specifically targets certain size (and age) categories, fisheries can lead to demographic 
changes in fish populations. Such changes in life history traits (e.g., growth rate, mean 
maximum size, age-at-maturity, or size-at-maturity) have been observed in a number of 
species (Jennings and Kaiser 1998, Edeline et al. 2007, Jorgensen et al. 2007, Swain et al. 
2007, Allendorf et al. 2008), such as pike (Esox lucius) in Windermere, U.K., which 
showed decreased somatic growth during times of greater fishing pressure (Edeline et al. 
2007). These changes in life history, in turn, have resulted in loss of yield, and ecosystem 
services (Trippel 1995, Jennings et al. 1999, Law 2000, Jorgensen et al. 2007). 
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 Increasing global demand for fish has pushed fisheries to move to deeper depths of the 
oceans and expand the number of species captured and sold, increasing the fishing 
pressure placed on these species (Haedrich et al. 2001, Devine et al. 2006). Deep-sea fish 
species, however, tend to be long-lived, with slow growth rates, increasing their 
susceptibility to overfishing (Norse et al. 2012). These life history characteristics, in part, 
have led to overexploitation of species and subsequent population collapse. Atlantic Cod 
(Gadus morhua), for example, was harvested for centuries with minimal issues, creating 
a valuable, sustainable fishery around Newfoundland (Haedrich and Hamilton 2000). 
Pressures to increase catch rates and improved fishing technology, however, and a 
misunderstanding of their life history lead to overexploitation by multiple countries, and 
eventual population collapse (Kurlansky 2011). It is difficult to predict the recovery of 
Atlantic Cod to previous abundances, largely due to overexploitation but also due to 
subpopulation structure, and changes in the food web (Smedbol and Wroblewski 2002, 
McQuinn 2009, McCain et al. 2016). This species exemplifies how critical it is to 
understand a species’ life history characteristics as a means to inform management and 
maintain population sustainability.  
 
Many aspects of a deep-sea fish’s ecology and life-history, such as longevity, growth, 
habitat use, foraging and population structure remain unknown, and are difficult to 
estimate using traditional assessment techniques, due to their depth distribution. This lack 
of knowledge, especially of complex, non-homogenous habitat use, creates substantial 
gaps in our capacity to sustainably manage such stocks (Dransfeld et al. 2013). Indeed, 
the majority of information towards deep-sea fish demographics is derived from the 
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fishing industry, specifically from reported commercial and recreational catches. Both 
commercial and recreational fisheries are structured to target individuals of greatest 
market value (Pennino et al. 2016). Due to this targeting, fishery data is inherently biased 
in its demographic scope. Fishery-independent surveys, in comparison, are scientifically 
designed and standardized, removing some of the previous biases, though they are more 
limited in their time frame (Pennino et al. 2016). Fishery-independent surveys are, 
therefore, important for developing a more comprehensive understanding of a species’ 
life history demographics. Sampling a more representative population provides an 
opportunity to estimate age, growth patterns, and species’ habitat use more broadly; all 
metrics important for calculating maximum sustainable yield, and informing management 
decisions, such as catch and size limits.  
1.2 Metapopulation Dynamics and Stock Structure 
Inconsistencies between complex stock structure and management can cause 
unsustainable fishery management practices, overexploitation of unique populations, and 
reduced biodiversity (Kerr et al. 2017). Stocks are principally structured by rates of birth 
and death rather than immigration and emigration, thus managing several distinct stocks 
as a single unit can lead to unintended overexploitation, localized depletion, lower 
recruitment and overly restrictive regulations on the fishery (Tuckey et al. 2007, Ying et 
al. 2011, Spies et al. 2015).  
 
Metapopulation ecology is an ecological approach to management that incorporates a 
species’ spatial structure. A metapopulation is a large scale grouping of a species in 
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which a fragmented landscape, or breeding scheme, creates a series of localized 
subpopulations (Hanski 1998). Understanding the connections between these 
subpopulations is critical to management. In metapopulations, structure develops through 
breeding, exchange of individuals and extirpation events (Hanski 1998). The role that 
larval and adult movement plays in the persistence and productivity of interconnected 
subpopulations is critical to fisheries management (Frisk et al. 2014). This is particularly 
relevant for species with patchy distributions. For example, if individuals exhibit spatially 
explicit use of habitat patches, and corridors of connectivity among patches are not 
available within the larger seascape, then the likelihood for patch persistence is 
compromised (Hanski 1998). As a result, understanding metapopulation dynamics not 
only requires estimation of larval connectivity, but also variation in juvenile and adult 
habitat choice and the environmental and resource drivers of individual movement 
(Smedbol and Wroblewski 2002, Frisk et al. 2014). Therefore, it is also necessary to 
discriminate among individuals of varying locations to develop a comprehensive view of 
the metapopulation and manage the species effectively.  
1.3 Golden Tilefish 
Golden Tilefish (Lopholatilus chamaeleonticeps) is keystone taxa in northwest (NW) 
Atlantic continental shelf-edge environment due to its biotic (trophic-mediated) and 
abiotic (ecosystem engineering) functional roles combined with high-value fisheries 
(Olin et al. 2020). The Golden Tilefish is a demersal fish that ranges from Nova Scotia, 
Canada, along the western Atlantic Ocean continental shelf and through the northern Gulf 
of Mexico, occupying depths between 100–300 meters (Turner et al. 1983). Golden 
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Tilefish have patchy distributions, with a propensity for high site fidelity that may be 
linked to sediment and thermal preference (Able et al. 1982, Grimes et al. 1986, Able et 
al. 1987, McBride et al. 2013, Nitschke and Miller 2016). Specifically, after a pelagic 
larval period, Golden Tilefish settle and create vertical, funnel shaped burrows in fine 
grained clay substrate (Able et al. 1982, Able et al. 1993) that they inhabit throughout 
life; a life of up to 35 years (Turner et al. 1983). These burrows are most commonly 
found in environments ranging between 9–14ºC. These specific habitat requirements limit 
the species to a narrow band of preferred habitat, and therefore a patchy population 
distribution (Grimes et al. 1988, Fisher et al. 2014, Frisk et al. 2018). Mark-recapture 
studies have shown adult Golden Tilefish fish movement restricted to one nautical mile 
even after more than a year (Grimes et al. 1986). Their burrows have a profound effect on 
the landscape, creating habitat for other species, such as crustaceans. When not 
maintained by the fish, the burrows will fill in, resulting in a loss of habitat for other 
species seeking refuge in the structures (Able et al. 1993).  
 
Golden Tilefish are also a commercially and recreationally valued species, with two 
separate stocks in the Northern and Southern Atlantic (Nitschke and Miller 2016). The 
modern fishery for Golden Tilefish developed in the early 1970’s along the Mid-Atlantic 
Bight, near southern New England, while the southern fishery surrounds Florida and the 
Gulf of Mexico and is genetically distinct from the North Atlantic population (Katz et al. 
1983). Landings of the Mid-Atlantic and Southern New England fishery remained high 
until the late 1970’s, when overharvesting lead to the stock being reduced over one half 
of its previous population density (Turner et al. 1983, Grimes et al. 1988). This 
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overexploitation decreased the population’s mean size and fish age at maturity, the 
effects of which are still experienced in the population even decades later (Grimes et al. 
1988). While Golden Tilefish are not currently considered to be overfished, the sizes and 
mean age remain lower than previous records (McBride et al. 2013). 
 
Many aspects of the Golden Tilefish’s life history remain undescribed, including their 
habitat use across age, despite their ecological and commercial importance. Due to their 
patchy distribution, it is possible that the stock is functioning as a spatially structured 
metapopulation, with a series of interconnected subpopulations. Further knowledge of the 
habitat use across age is necessary to access subpopulation structure, contribution to the 
total population, and patch connectivity, all of which have important implications for 
subpopulations persistence. For example, while it is known that the larvae are pelagic, the 
timing and age of settlement into the benthic habitat is unknown. Due to the high site 
fidelity of adults, however, the recruitment of individuals to local populations depends in 
part on the timing of larval settlement. A gap in knowledge about habitat use across life 
history, such as settlement age and timing, impedes our ability to determine population 
recruitment and connectivity to sustainably manage these populations.  
1.4 Otoliths 
Age estimation is especially important for estimating population structure and examining 
life history demographics (Campana 2001, Jackson 2007). While there are multiple 
structures that can be used to estimate an individual’s age such as, teeth and fin rays, the 
most commonly used structures in fishes is the otolith, or “ear stone” (Secor et al. 1995, 
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Campana 1999). Otoliths (Figure 1.1) are calcium carbonate structures found beneath the 
brain case of most teleost fishes that aid in hearing and balance in the water column 
(Hüssy et al. 2020). Most teleost fishes have three pairs of otoliths: sagitta (the largest 
pair), lapillus, and asteriscus. Otoliths are not attached to the skull or any other bone, but 
rather are contained within separate chambers of endolymphatic epithelium surrounded 
by endolymph (Hüssy et al. 2020). Only cartilaginous fishes (sharks, rays and chimaeras) 
and jawless fishes (lampreys and hagfish) lack otoliths (Carlström 1963), although there 
has been recent evidence suggesting otolith presence in these individuals (Schnetz et al. 
2019).  
 
Otoliths continuously accrete calcium carbonate from the local environment and diet, 
throughout a fish’s life (Hüssy et al. 2020). They accrete in concentric daily and annual 
rings based on the growth rate and metabolism of the fish, which create recurring 
alternating opaque and translucent zones representing different seasons (Figure 1.2; 
(Panella 1971, Fablet et al. 2011, Hüssy et al. 2020). As growth is seasonally variable in 
fishes, annuli ring structures are formed in the otolith. For temperate fish, opaque zones 
typically accumulate during periods of high fish growth normally experienced over 
summer, and are high in organic material, while the translucent zones represent the 
winter where fish growth is slower, and are more mineral rich (Heimbrand et al. 2020, 
Hüssy et al. 2020). Age can be determined through the counting of these growth zones 
(Panella 1971). Many variables, however, can affect otolith biomineralization, including 
feeding conditions, temperature, and hypoxia exposure, which can disrupt the seasonal 
pattern and affect the interpretation, create aging error (Fablet et al. 2011, Hüssy et al. 
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2020). For example, seasonal ring formation in Atlantic Cod in Eastern Baltic has been 
found to be difficult to discern due to spawning, hydrology, and migration (Hüssy et al. 
2016, Heimbrand et al. 2020). It can be difficult to age many deep-sea fish species due to 
seasonal environmental stability, and their long lives lead to indistinct growth zone 
patterns in the otolith (Cailliet et al. 2001). This can lead to inaccurate age estimations 
and growth analysis, which is critical for population assessment (Campana 2001).  
 
One limitation of using otoliths to age individuals is the destructive nature of the 
technique. This is especially relevant when considering age estimation of vulnerable or 
protected species (Heupel and Simpfendorfer 2010, Hammerschlag and Sulikowski 
2011). Though the use of non-lethal structures to age fish is growing, there remain 
drawbacks, for example, scales have been used for estimating the age of young individuals, 
however their use can lead to underestimation of age among older fish due to outer annuli 
being less distinct (Muir et al. 2008, Khan et al. 2015, Kumbar and Lad 2016). It also has 
been found to be more difficult to identify the first annuli when using fin rays, as shown in 
Brook Trout (Salvelinus fontinalis) studies (Stolarski and Hartman 2008). Thus, otoliths 
are preferable for age analysis due to their distinct annuli at older ages, growth across the 
entire life span and are robust to reabsorption (Campana 1999, Thresher 1999).  
1.5 Microchemistry 
Otoliths are widely used in fisheries science to determine the age of fish, information that 
is critical in evaluating life history parameters for fisheries assessment and management 
(e.g., growth rate, mortality rates, and production; Campana 2001). Otoliths can also 
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provide information on migration and stock composition through proxy indicators such as 
chemical and isotopic tracers, which are incorporated during the growth of calcified 
structures (Elsdon et al. 2008, Secor 2010). As the otolith forms, trace elements and 
stable isotopes are incorporated into its calcium carbonate structure, given the fish’s 
environment and physiology, creating a chemical signature or fingerprint (Thomas et al. 
2017). The chemical signature of the otolith is influenced by several factors, such as 
water chemistry, temperature, geology, diet, and salinity (Campana 1999), creating time- 
and location-specific fingerprints that are permanently incorporated into the otolith (Campana 
1999). As otoliths grow continuously with the fish, this creates a natural tag for movement 
and other life history events to be chronologically tracked over the course of a fish’s life 
(Limburg 1995, Thorrold et al. 1998).  
 
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) is a 
technique used to detail the chemical composition across the span of the otolith, 
providing insights into the entire life of the individual fish when used in combination 
with age analysis (Thorrold and Shuttleworth 2000). LA-ICPMS works by using a laser 
to ablate otolith material across its entire length, which is then transported by carrier gas 
into a plasma, and then sorted by mass into an ICPMS machine that will perform assays 
to determine elemental concentrations relative to reference material (Campana et al. 
1997, Campana 1999, Limburg and Elfman 2017). This technique has been used to 
examine multiple aspects of life history in fish populations, including natal origins, 
population connectivity, stock discrimination, and estuary use (Vasconcelos et al. 2008, 
Clarke et al. 2009, Cook 2011, Ley and Rolls 2018). For example, Limburg (1995) used 
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Strontium (Sr) content in the otolith of young-of-the-year American Shad (Alosa 
sapidissima) to identify the timing of outmigration of individuals from freshwater to 
marine habitats, as seawater has a higher Sr concentration relative to freshwater sources. 
 
A number of elements have been used in the analysis of otolith microchemistry, 
providing different information about the environment the individual was inhabiting. 
Barium (Ba) and Sr, for example, reflect ambient water concentrations, with Ba 
increasing in concentration in freshwater environments and Sr being positively correlated 
with salinity, with some minor temperature effects (Limburg 1995, Bath et al. 2000, 
Brown and Severin 2009, Hüssy et al. 2020). Magnesium (Mg) positively correlates with 
metabolism and has been correlated with age in some species (Limburg et al. 2018, 
Heimbrand et al. 2020). Manganese (Mn) has been found to be a useful marker of 
environmental hypoxia, with Limburg and Casini (2018) demonstrating an increase in 
Mn/Mg ratios during periods of Baltic Sea hypoxia over multiple decades in the otoliths 
of Eastern Baltic Cod. In addition, heavy metals such as Nickel (Ni), Zinc (Zn), Lead 
(Pb) and Copper (Cu) have been used to determine whether lesion formation observed in 
Gulf of Mexico Golden Tilefish and Red Grouper (Epinephelus morio) following the 
Deepwater Horizon oil spill correlated with heavy metal exposure (Granneman et al. 
2017). Therefore, the application of this technique has the capacity to provide 
information regarding a species life-history, such as movement and natal origins (Brown 
and Severin 2009, Clarke et al. 2010), and is especially important to identity 
characteristics in deep-sea species that cannot be studied easily. 
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1.6 Research Goal 
The goal of my thesis research is to use otoliths to further the understanding of Golden 
Tilefish populations in the NW Atlantic Ocean by (1) generating age and growth 
parameters of the Southern New England/ Mid-Atlantic Golden Tilefish stock from the 
first fishery-independent survey and compare my estimates to previous commercial 
studies (Chapter 2) and (2) assessing differences in microchemistry over time and 
location to investigate the ability of otoliths to act as natural tags in the distinction of 
different groups within the species (Chapter 3). The elemental signatures acquired by 
otolith microanalysis provides the ability to track and quantify habitat-specific production 
while also providing a record of individual fish growth and movement patterns. This 
information has the potential to identify subpopulations at risk of overexploitation and 
will provide additional life-history data that may aid in establishing fishery quotas and 





Figure 1.1. Sagittal otolith of a Golden Tilefish annotated with morphological 











Figure 1.2. Sectioned otolith under reflected light, displaying the alternating opaque and 












2 AGE AND GROWTH ESTIMATION OF GOLDEN 
TILEFISH (LOPHOLATILUS CHAMAELEONTICEPS) 
FROM THE NW ATLANTIC  
2.1 Introduction 
Golden Tilefish, Lopholatilus chamaeleonticeps (Goode and Bean 1879) is a deep-sea 
demersal fish found in the Atlantic Ocean from Nova Scotia, Canada to Florida, USA and 
through the Gulf of Mexico (Dooley 1978). Golden Tilefish are managed by three fishery 
management councils (Northeast Atlantic, South Atlantic, and Gulf of Mexico). Golden 
Tilefish are both commercially and recreationally fished in the North Atlantic and Gulf of 
Mexico (NOAA 2018, Ortega-Ortiz et al. 2020). From 2010 to 2016 total commercial 
landings for Golden Tilefish were 1,360 metric tons, worth $7.7 million (NOAA 2018). 
Demographic analysis of Golden Tilefish populations from the waters of southern New 
England, South and North Carolina and Georgia and the Gulf of Mexico concluded that 
Golden Tilefish are a long-lived fish, have a slow growth rate, display sexual dimorphic 
growth and mature by age-5 (Turner et al. 1983, Harris and Grossman 1985, Grimes et al. 
1986, Palmer et al. 2004, Lombardi-Carlson and Andrews 2015). 
 
Golden Tilefish have been estimated to reach 40 years of age. Golden Tilefish also 
exhibit sexual dimorphic growth, whereby males grow faster than females and reach 
maturity at an earlier age (Turner et al. 1983). Specifically, Lombardi et al. (2010) 
showed that of individuals captured from the Gulf of Mexico, males had a growth 
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coefficient of 0.15 yr-1, and females had a growth coefficient of 0.13 yr-1, demonstrating 
that males reach their asymptotic length more rapidly. During the late 1970’s-early 
1980’s, overexploitation of Golden Tilefish in the NW Atlantic led to a dramatic 
population reduction, size and age truncation, and early maturation of males (Grimes et 
al. 1980, Grimes et al. 1988). For example, the strongest class of individuals reported in 
the Hudson Canyon ranged in size from 80–85 cm in length, while the strongest class 
reported in 1980 from the same area ranged in size between 55–60 cm. This shows how 
severely the Tilefish size decreased at this time due to rapid overexploitation (Turner et 
al. 1983). The stock along Southern New England and the Mid-Atlantic Bight was 
previously assessed over the course of the population decline in the 1980’s, and more 
recently in 2008 through data from commercial fisheries (Turner et al. 1983, Vidal 2009, 
McBride et al. 2013). Despite catch limits being put in place in the 1980’s, as of 2008, 
the population was still experiencing effects from the previous population decline. While 
the population had returned to previous maturation ages, it was still experiencing size and 
age truncation, as the oldest fish in that study was age-25 (Vidal 2009, McBride et al. 
2013).  
 
It is important to note that changes in demographics of the Golden Tilefish population 
have been monitored solely through fish landings provided through the commercial 
fishing industry. It is well known that sampling gear and specified fishing locations can 
bias population demographic assessments as commercial fisheries are designed to target 
individuals of greatest market value (Pennino et al. 2016). Fishery-independent surveys, 
in comparison, are designed and standardized for assessing fish populations, thus 
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removing some of the previous biases, though they are more limited in their time frame 
(Pennino et al. 2016). One example of how fishery-independent surveys capture a wider 
variety of the population is through using a wider size range of hooks. Deriving age and 
growth demographics from fish sampled during a fishery-independent survey is important 
for developing a more comprehensive understanding of population demographics, and 
accurately estimating age and growth patterns; all metrics important for calculating 
maximum sustainable yield, and informing management decisions, such as catch and size 
limits.  
 
The objective of this chapter is to age Golden Tilefish sampled from the fishery-
independent long-line survey conducted in 2017 and compare our growth estimates to 
studies reporting age and growth parameters for this species in Southern New England 
and the Mid-Atlantic Bight (Turner et al. 1983, Vidal 2009, McBride et al. 2013). 
Specifically, in this chapter, I determine age through band counts, evaluate frequency 
distributions of length, weight and age, and estimate growth parameters for both male and 
female fish using the Von-Bertalanffy growth model. These results are then compared to 
similar estimates derived from commercial fishery landings. The estimates for individuals 
sampled from the fishery-independent survey will complement existing age and growth 
estimates and provide a more comprehensive evaluation of these demographic 
parameters, as the individuals sampled through this fishing method are more broadly 
representative of the population compared with those sampled through commercial 
fisheries.   
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2.2 Materials and Methods 
2.2.1 Sample Collection 
Golden Tilefish were sampled during a fisheries-independent long-line survey conducted 
between July and August of 2017 across the continental shelf-edge of the northwest 
(NW) Atlantic Ocean from Georges Bank to Cape Hatteras (Figure 2.1; Frisk et al 2018). 
Detailed survey methods are reported in Frisk et al. (2018). Briefly, 196 sampling stations 
were randomly chosen from a stratified area consisting of nine north--south latitudinal 
and four depth (range = 75–310 m) regions following the NOAA’s NEFSC strata 
designations (Figure 2.1). 
 
At each station bottom set long-lines were deployed. Each set consisted of a one-nautical 
mile steel cable mainline equipped with 150 evenly spaced gangions baited with squid. 
The average soak time for each long-line deployment was 40 minutes. For each sampling 
event, region (e.g., Georges Bank, Southern New England, Mid-Atlantic Bight) based on 
latitude and longitude, and depth (m) were recorded. Upon capture, Golden Tilefish were 
given an ID number, measured for fork length (cm), weighed (kg), sexed macroscopically 
via gonad examination upon dissection, and sagittal otoliths were obtained. Otoliths were 
rinsed with freshwater and stored in labeled envelopes for laboratory processing. 
2.2.2  Otolith Processing 
Otoliths were obtained from a total of 479 out of 486 individuals landed during the 
survey. Upon return to the laboratory, each otolith was first evaluated for damage. 
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Specifically, in the case where a transverse section of the core would not be possible, 
including when the otoliths were broken lengthwise or there was damage to the core, the 
otolith was deemed unusable (n = 40) and removed from subsequent processing. One 
additional otolith was removed from subsequent processing and data analysis, as data for 
the fish’s length and weight were inaccurate. Following this initial evaluation, the 
remaining otoliths (n = 438) were catalogued and measured from tip to end (mm) and 
weighed (mg; see Table 2.2). Otoliths were then cleaned with diluted (10%) bleach, 
rinsed three times with distilled water, and air-dried overnight in a laminar flow hood 
before being stored for sectioning. 
 
Following initial cataloguing and cleaning, the core of each otolith (n = 438) was 
identified and marked with permanent marker as a visual aid when sectioning. The 
marked otoliths were then organized from smallest to largest based on fish fork length, 
embedded in silicone ice cube trays using Struers epoxy resin (Struers A/S, Ballerup, 
Denmark) following methods of Secor et al. (1991) and dried in the fume hood for 24 hrs. 
Each otolith was then cut into transverse sections using a Buehler® IsoMet low-speed saw 
(Buehler, Lake Bluff, Illinois) following methods of Lombardi-Carlson and Andrews 
(2015) and based on training at the NOAA Pensacola laboratory. Specifically, four 
IsoMetTM diamond wafering blades [Buehler, Lake Bluff, Illinois; Arbor size: 0.5 (12.7 
mm)] were spaced approximately 0.45 mm apart using three inserts cut from plastic 
folders (~0.15 mm). The otolith was mounted into a chuck and secured so that the blades 
ran parallel through the dorsal and ventral sections of the otolith to create a transverse 
section. A micrometer was then used to bring the marked core into position between the 
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middle blades. The IsoMet saw was started at a speed of 2–3 (~60-90 RPM) and sped up 
to 8 (~245 RPM) after a few seconds until the cut was complete (Lombardi-Carlson and 
Andrews 2015). This method produced three 0.45 mm sections including the core. The 
purpose of this approach was to ensure capture of the core. The three sections were then 
mounted to a prelabeled microscope slide using double-sided tape adhesive and stored in 
slide boxes for protection. No polishing was performed at this time.   
 
Once mounted, each otolith section was photographed between 12.5 and 25.0 
magnification using a digital camera (The Imaging Source®, DFK MKU226-10x22) under 
transmitted light with a stereomicroscope (Olympus®, SZX9), resulting in three 
photographs per otolith. To enhance images for clarity, distilled water was pipetted onto 
the otolith section prior to photographing. Images of each section were stored digitally 
with a scale bar (mm). Magnifications were chosen for each otolith to allow for a 
comprehensive view of the otolith without extraneous space. The images were saved with 
reference to individual ID number, magnification, and section number, such as section 
one, two, or three. The images were edited using ImageJ software to maximize contrast 
when counting growth bands.    
2.2.3 Age Determination 
Age determination employed standardized otolith ageing protocols; counting pairs of 
opaque and translucent growth bands along the ventral side (Secor et al. 2014, Lombardi-
Carlson and Andrews 2015). Visual enhancement and notation techniques of otolith 
images using ImageJ software, and calibration of the reader to a reference collection 
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provided by Lombardi-Carlson and Andrews (2015) based on training at the NOAA 
Pensacola laboratory aided the primary reader. Two blind counts of annuli, where length 
and weight were not provided, were conducted for each otolith (Figure 2.2). These first 
blind counts were used to determine indices of precision for the primary reader (K. 
Dawson), including average percentage error (APE):  









where Xij is the ith age determination of the jth fish, Xj is the average age estimate of the 
jth fish, and R is the number of age readings  (Campana 2001). Coefficient of variation 
(CV) was also calculated as:  








(Campana 2001). If the two counts differed, the otolith was read a third time, consulting 
the first two count estimates for a final age estimate. In addition, a random sample of 
otoliths (n = 48 total, 6 individuals aged by both) were sent to independent readers from 
NOAA Fisheries [N. Willett (n = 21) and K. Rogers (n = 34)]. Average percentage error 
and percentage agreement ± 1 and ± 2 years were calculated for indices of precision 
between their readings with final age determination by the primary reader. 
2.2.4 Data Analysis 
Analyses were performed in R (version 4.0.5, R Development Core Team, 2021) within 
the RStudio interface (version 1.1.463, R Studio Team, 2021), SYSTAT (10, SYSTAT, 
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Inc.), and Microsoft Excel (2018) and the level of statistical significance α was set at 
0.05. Fork length and body weight data of the fishes and their otolith morphology were 
evaluated for normality using Shapiro–Wilks tests through the dplyr (Wickham et al. 
2020) and ggpubr (Kassambara 2020) packages in RStudio, and for homogeneity of 
variance through visual inspection of residual plots. 
 
Fork length, weight, age, and growth rate data of Golden Tilefish were not normal based 
on the Shapiro-Wilks tests (FL: W = 0.77, p < 0.001; Weight: W = 0.42, p < 0.001; Age: 
W= 0.36, p <.001; Individual Growth Rate: W= 0.9594, , p < 0.001), therefore 
differences in body size, and age and growth rates among sexes, were tested using the 
Kruskal-Wallis Test as a non-parametric alternative to an analysis of variance (ANOVA), 
followed by the Wilcoxon sum test for pairwise comparisons. The relationships between 
fork length and body weight were estimated using the power function for males, females 
and all fish combined. 
 
Length at age for males, females and all individuals combined were calculated using the 
Von Bertalanffy growth function (VBL),  
𝐿𝑡 = 𝐿∞(1 − 𝑒𝑥𝑝
{−𝐾(𝑡− 𝑡0)}) 
where Lt represents length at age, L∞ represents asymptotic length (cm), K represents 
growth coefficient (yr-1), t represents age (yr), and t0 represents age at size zero (cm). 
Von-Bertalanffy values were calculated using the FSA (Ogle et al. 2019), FSAdata (Ogle 
2019), and nlstools (Baty et al. 2015) packages in RStudio for the total population and 
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males, and in SYSTAT (10, SYSTAT, Inc.) for females. Individual growth rates (cm/yr) 
were calculated using sex-specific VBL values; VBL values for the total population were 
used to calculate individual growth rates for individuals of unknown sex.   
 
Age class growth rates were calculated using the length-weight relationship and the VBL 
values. Regression analysis was used to fit the relationships between fork length and 
weight for fish separated by sex. The regression statistics were used to create equations 
for VBL mass per age class using the following equation: 
𝑀𝑡 = a ∗ (𝐿𝑡
   b) 
where Mt represents mass at age, Lt represents VBL length at age, and a and b are values 
specific for the best fit of the data. These were then used in combination with the VBL 
growth equations to estimate growth rates per age class and calculate the ages of unaged 
fish (n = 47).   
  










 represents the growth in cm per year for the age class, 𝐿𝑡  represents the VBL 
length at age, 𝐿𝑡+𝑛 represents VBL length at the next age class, and n represents the 
difference between the age class and the next (normally equals 1). Age class values are 




In the case where the individual’s otoliths were broken (n = 47), the age was calculated 




) ∗ 𝐿𝑁(1 − (
𝐿𝑡
𝐿∞
)) + 𝑡0 
These ages were subsequently used in the individual growth calculations, for a total of 
485 individual growth rates estimated and analyzed. 
 
Finally, individual growth rates (
𝑐𝑚𝑖
𝑦𝑟
) were calculated through the division of individual 
fish length (𝐿𝑖) by the VBL length for the fish’s age class and multiplying this by the age 














2.3.1 Population Demographics 
Fork length and body mass summaries for all individuals are provided in Table 2.1 and 
Figures 2.3 and 2.4. Overall, there was a wide size range of individuals evaluated (FL; 
26–110 cm). There was a significant difference in FL between the sexes based on 
Kruskal-Wallis (Χ2 = 40.02, df = 2, p < 0.001). Male fish were significantly larger than 
females (p <0.001) and unknown sexed fish (p < 0.001; Table 2.1, Figure 2.5). Fish of 
unknown sex had the shortest FL and were significantly smaller than known male and 




Body mass was also significantly different between the sexes (Figure 2.6; KW: Χ2 = 
42.16, df = 2, p < 0.001). Male fish, on average, were significantly heavier than both 
female and unknown sexed fish based on weight (Table 2.1). However, it was found that 
female body weight was not significantly different from fish of unknown sex (p = 0.058). 
 
The size metrics measured for aged otoliths followed similar trends observed for body 
size of fishes among sexes (Table 2.2). There was an overall significant difference in 
average otolith length between the sexes (KW: Χ2 = 21.62; df = 2, p < 0.001). For 
example, otoliths measured from male fish were on average 1.0 mm longer than the 
otoliths taken from females (p < 0.001) and 1.5 mm larger than the otoliths from fish of 
unknown sex (p < 0.001; Table 2.2). The difference in average length between the 
otoliths from female and fish of unknown sex, however, was not significant (p = 0.200). 
 
Otolith weight followed a similar pattern, with there being a significant difference in 
average weight between sexes (KW: Χ2 = 27.31, df = 2, p < 0.001; Table 2.2). Otoliths 
from males were significantly heavier than otoliths from females (p < 0.001) and fishes 
of unknown sex (p < 0.001; Table 2.2). Similar to previous results, the otolith weight 
from female fish and fish of unknown sex were not significantly different from each other 
(p = 0.070; Table 2.2). 
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2.3.2 Age Determination 
Otoliths from 438 Golden Tilefish were aged, and included 175 females, 223 males, and 
40 fish of unknown sex (Table 2.2). The indices of precision between my first and second 
readings was an APE of 1.2%, and a CV of 1.7%. The average APE between my final 
age determination and the external readers was 9.3%. Reader agreement between my 
readings and K. Rogers was 30.6%. Agreement increased to 72.2% and 88.9% within ± 1 
and ± 2 years, respectively. Reader agreement between my readings and N. Willett was 
28.6% with agreement increasing to 81.0% and 85.7% within ± 1 and ± 2 years, 
respectively. Age uncertainty was highest in fish older than age-15. 
 
Golden Tilefish from this study ranged in age from 3-30 years old. Most individuals were 
age-15 or younger (99.3%; Figure 2.7) with 47% of those younger individuals being age-
4 (Figure 2.7). Fishes between ages 10–12, 15–22, and 24–29 were largely absent from 
our sampled population (Figure 2.7). Age differed significantly between the sexes (KW 
Χ2 = 16.79, df = 2, p < 0.001). Males were significantly older (4.3 ± 2.3 yr) than both 
females (4.1 ± 2.6 yr; p = 0.019) and fish of unknown sex (3.5 ± 0.6 yr; p < 0.001).  
2.3.3 Von-Bertalanffy Growth Curves 
Males and females showed different growth patterns (Table 2.3), which were more 
distinct in individuals > age-5 (Figure 2.8). Male fish reached asymptotic length at larger 
sizes (L∞ = 118.9 cm) than female fish (L∞ = 96.9 cm; Table 2.3). Male fish also showed a 
greater growth coefficient (K = 0.10 yr-1) than females (K = 0.09 yr-1; Table 2.3), though 
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the difference is small. Assessment of all captured individuals resulted in an asymptotic 
length of L∞ = 105.2 cm and a growth coefficient of K = 0.11 yr
-1 (Table 2.3; Figure 2.8).  
2.3.4 Individual Growth Patterns 
Model fits for the fork length-weight relationships were strong for males, females and all 
fish combined (R2 = 0.85–0.88; Figure 2.9). Average individual growth rate for the 
population (n = 485) was 6.0 cm/yr, with a range of 0.5–11.2 cm/yr (Figure 2.10). There 
was a significant difference in the individual growth rates between the sexes (KW Χ2 = 
300.4; p < 0.001). Females (4.4 cm/yr) grew significantly slower than both males (7.0 
cm/yr; p < 0.001) and fish of unknown sex (6.7 cm/yr; p < 0.001; Figure 2.11). Males 
also grew significantly faster than individuals of unknown sex (p = 0.006). 
 
Variability in growth rates was greatest in individuals > age-5, with growth decreasing 
with age (Figure 2.10). The average individual growth rate for individuals < age-4 years 
was 6.2 cm/yr, decreasing to 4.8 cm/yr for individuals > age-5 (Figure 2.10). When 
comparing by sex, females < age-5 showed average growth of 4.6 cm/yr whereas females 
> age-5 showed average growth of 3.4 cm/yr. Males < age-5 grew 7.5 cm/yr and growth 
decreased to 5.5 cm/yr in males > age-5.  
2.4 Discussion 
The age and growth parameter estimates reported here are consistent with previous 
studies for the northern stock of Golden Tilefish (Turner et al. 1983, Vidal 2009, 
McBride et al. 2013). However, those estimates, were based on fish collected from the 
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commercial and recreational fishery, which target specific size classes of individuals in 
the population. For example, large Tilefish (3.2–10.9 kg) have the greatest market value, 
and are therefore the most heavily targeted size class in the fishery (NOAA 2018). The 
length and age ranges provided in this chapter are consistent with ranges derived from 
commercial fishing industry, while being skewed towards younger, immature, individuals 
due to the fishery-independent sampling design. This highlights the importance of 
fishery-independent surveys, as they contribute valuable information on a broader size 
range of individuals that are not as readily captured in commercial fisheries. Capture of 
younger, immature fish could also provide valuable information on reproductive strategy, 
as there have been varying determinations of whether the species is gonochoristic or 
hermaphroditic (Lombardi-Carlson 2012, McBride et al. 2013). This information 
provided from this survey, such as age structure, is valuable for monitoring the stock of 
Golden Tilefish, independent of commercial reports and will aid stock assessors in the 
management of this species.   
2.4.1 Population Demographics 
Golden Tilefish are reported to reach maximum lengths of approximately 110 cm FL 
(Turner et al. 1983) and mature between 40–50 cm FL (McBride et al. 2013) in the NW 
Atlantic. Our study included Golden Tilefish that ranged in size from 26–110 cm FL, 
indicating that our survey caught ~75% of the life-span of this species. The fish sampled 
in this study ranged in age from 3–30 years old. The maximum age represented in the 
survey of 30 years old is similar to age estimates from a number of studies of Golden 
Tilefish for similarly sized fish sampled from the NW and SW Atlantic (35 yr, Turner et 
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al. 1983; 33 yr, Harris and Grossman 1985, 1985; 34 yr. Harris et al. 2001; 40 yr, Palmer 
et al. 2004). The majority of individuals aged in this study were nearing maturity, and 
were between 4–5 years of age (57.3%; 26-63 cm FL; McBride et al. 2013). Males were 
generally older than females on average, but they also were the largest on average, 
meaning that the age discrepancy could be due to the capture of different size ranges.  
 
Age estimates were highly variable, especially for the older fish in this study. Golden 
Tilefish are known as a difficult species of fish to age through age estimation methods 
(Lombardi-Carlson and Andrews 2015). The difficulty in aging these otoliths is likely 
due to opaque band formation in the species. Temperatures are relatively stable year-
round in the depth range where Golden Tilefish inhabit (9-14°C; Grimes et al. 1986); 
they do not experience the same seasonal fluctuations in temperature that shallower water 
species experience. As a result, differences in growth between the seasons are not as 
pronounced, resulting in a weaker visible bands in the otolith cross-sections (Cailliet et 
al. 2001). However, precision estimates and percentage agreement between me and other 
readers are similar to other studies. The average APE between my final age determination 
and the external readers is only slightly higher (9.3% vs. 5.5%; Lombardi-Carlson et al. 
2015), and the reader agreement was 30.6% and 28.6% between myself and the external 
readers, compared to 28% for Lombardi-Carlson and Andrews (2015). The percentage 
agreement (± 2 years) was near 90% between my final age determinations and both 
external age readers. Therefore, while age estimates were variable, the indices of reader 
precision and percentage agreement were similar between this study and other previously 
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published Golden Tilefish studies providing confidence in final age estimates for the 
individuals reported here. 
 
Differences in size demographics among studies can result from differential recruitment, 
total and fishing mortality rates, and the size selectivity of fisheries and sampling gear 
(Neumann and Allen 2007). The dominance of smaller individuals in our sampled 
population likely reflects the nature of the survey design being fishery-independent and 
the sampling gear used to catch fish. The majority of Golden Tilefish population data are 
derived from landings reported by commercial fisheries that target large fish to maximize 
market value for human consumption, whereas fishery-independent operations are 
designed to randomly sample a population for purposes of deriving an index of relative 
abundance. Moreover, commercial fisheries for Golden Tilefish in the NW Atlantic use 
medium-sized circle hooks to target specific size classes to maximize market value (12/0-
13/0; Frisk et al. 2018). As the goal of the fishery-independent survey conducted in 2017 
was to estimate the Golden Tilefish population outside of commercial fishing areas of 
non-targeted size classes, three different offset circle hook sizes, small (8/0), regular 
(12/0) and large (14/0), distributed at a ratio of 20-60-20 were deployed on each long-line 
set (Frisk et al. 2018). Catch-Per-Unit-Effort (CPUE) data from the survey showed that 
small hooks had higher CPUE of Golden Tilefish ranging in length from 30-50 cm 
compared to other hook sizes (Frisk et al. 2018). A similar finding was reported by Olin 
et al. (2021) for a survey conducted in 2020. The limited number of small fish common in 
commercial activities, likely results from difficulty taking the bait due to gape size or the 
ability of small individuals to consume bait without biting the hook. Alternatively, it has 
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been suggested that small individuals may inhabit different areas than adults. For 
example, Freeman and Turner (1977) and Grimes et al. (1986) have speculated the 
potential for seasonal habitat use of Georges Bank in winter months by Golden Tilefish 
due to thermal preferences of the species, though this has not been further examined. 
Future research should focus on habitat use of different size classes of Golden Tilefish 
and determine whether or not size classes partition in the NW Atlantic. 
2.4.2 Von-Bertalanffy Growth Curves 
The Von-Bertalanffy model parameters estimated in this study are consistent with others 
developed for the NW Atlantic Golden Tilefish stock. To compare, estimates from a 1982 
survey (Turner et al. 1983) showed an overall L∞ = 97.6 cm and estimates from a 2008 
survey (Vidal 2009) showed an L∞ = 123.8 cm. Our estimates of L∞ =105 cm fall between 
the two years. The results, however, could be confounded by the higher proportion of 
young individuals caught in our survey, and the lower proportion of fish > age-9. In 
comparison, assessments made from the Golden Tilefish population from the Gulf of 
Mexico from 1997-2009 showed a lower L∞  of 83.0 cm, although it was stated this was 
low given the largest observed fish (112.3 cm TL) (Longmore et al. 2010). These 
differences could result from differences in environment, stock demographics, or 
calculation methods.  
 
Sexual dimorphism in growth, with females being smaller and growing more slowly than 
males, has been reported in previous studies of the NW Atlantic Golden Tilefish 
population (Turner et al. 1983), and of other Tilefish species, such as the Blueline 
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Tilefish, Caulolatilus microps (Ross and Huntsman 1982). Results of our Von-
Bertalanffy growth model are consistent with these reports whereby, males and females 
displayed sexually dimorphic asymptotic length and growth coefficients. Specifically, in 
our study males reached an asymptotic FL of L∞= 118.9 cm, while females reached an 
asymptotic FL of L∞ = 96.9 cm. The same pattern is shown in previous studies of the NW 
Atlantic population, where in 1982, males showed an asymptotic length of 111.3 cm, and 
females showed an asymptotic length of 90.2 cm (Turner et al. 1983). These values are 
only slightly smaller than our estimates, which could be due to the amount of time passed 
between the surveys. The trend has also been reported in Gulf of Mexico Golden Tilefish, 
where the asymptotic length for males was 76.7 cm, and for females was 61.3 cm 
(Longmore et al. 2010). While the calculated values could vary by study due to 
environment, time period, or calculation methods, the pattern is consistent. The growth 
pattern divergence is more apparent as the individuals aged. This could be a consequence 
of the higher energetic costs for females after sexual maturation (Turner et al. 1983), but 
would require further analysis. 
 
The growth coefficient (K) represents the rate at which the asymptotic length is 
reached. This value has important implications with fisheries, as it helps determine when 
the animals will reach capture size. A greater growth coefficient means that the fish will 
reach the required capture size minimum faster, and would therefore be susceptible to 
pressure from the fishery. The estimated growth coefficient for all individuals captured in 
our survey was 0.11 yr-1, with the sexes having slightly dimorphic values of K = 0.10 yr-1 
for males and K = 0.09 yr-1 for males, although this difference is minimal. Previous 
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studies of the population in the NW Atlantic showed similar overall K value of 0.10 yr-1, 
with males showing a value of K = 0.08 yr-1, and females showing a value of K = 0.10 yr-
1 (Vidal 2009). Interestingly, males in this previous data set had a lower growth 
coefficient than females, the inverse of our results. This could be due to males having 
greater asymptotic length, and it therefore taking longer for them to reach that length. 
Reports from the Golden Tilefish population in the Gulf of Mexico, however, showed an 
overall K value 0.13 yr-1, with males having a growth coefficient of 0.15 yr-1, and females 
having a growth coefficient of 0.13 yr-1 (Lombardi et al. 2010). While these values are 
slightly greater, these results show a similar pattern to our study, where the male K value 
was greater than the female.   
2.4.3 Individual Growth Patterns 
Average individual growth for all fish aged-4 and younger was 6.2 cm/yr, decreasing to 
4.8 cm/yr for individuals aged-5 and older. Previous studies of Golden Tilefish, however, 
showed higher growth rates of ~10 cm FL/yr for the first four years of life (Turner et al. 
1983). This difference, however, may be due to aged-one and aged-two individuals not 
being directly sampled in our data set, and the difference in calculation, as Turner et al. 
(1983) calculated growth rates through otolith mean incremental analysis and then back 
calculated age. The estimated FL for an age-4 fish is 46 cm based on the VBL 
calculations of the total population, which leads to an average of 11.5 cm for the first four 
years of life; slightly greater than the estimations from Turner et al. (1983). The 
individual growth estimations as expected, also displayed sexual dimorphism, where 
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males had an average individual growth rate of 7.0 cm/yr, while females had an average 
individual growth rate of 4.4 cm/yr.  
 
As Golden Tilefish are long lived, many age groups of the 2008 survey (Vidal 2009) 
should also be represented in our 2017 survey. For example, the 4- and 5-year-old age 
class from 2008 should be 13 and 14-year-olds in this survey. In our analysis, there are 
only a few individuals in this age group. This could be due to large, presumably older fish 
being more heavily targeted by commercial fisheries. Due to the greater fecundity of 
large Golden Tilefish, however, they have a greater spawning potential than smaller 
individuals, and therefore have the opportunity to contribute more heavily to future 
generations if left in the population(Grimes et al. 1988, McBride et al. 2013). Therefore, 
it is important to assess the impact of fisheries on this older age group. Other causes of 
mortality include predation and recreational fisheries. Recreational fisheries contributed 
700,000 lbs of harvest in 2019, and are therefore an important factor in Golden Tilefish 
mortality that is necessary to evaluate (NOAA 2021). Future research should focus on 
tracking age cohorts over multiple years using fishery-independent surveys. This will 
help to improve the understanding of mortality in this species and contribute estimates 
toward recruitment of juvenile fishes into the adult population. 
2.4.4 Conclusions 
Current fishing practices of the NW Atlantic Golden Tilefish stock are well managed, and 
the stock is not considered overfished (SAW 2014, NOAA 2018, NOAA 2020). The first 
fishery-independent survey of the population compliments landing data provided by the 
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commercial fisheries and provides a more detailed understanding of the population in its 
entirety, unbiased by the targeting of market sized individuals. The findings from this 
survey also show varying age structure and year classes expected to be recruited into the 
fishery in subsequent years, including the high number of small individuals nearing 
maturity, highlighting the importance of fishery-independent surveys. Continued 
independent evaluation of the NW Atlantic Golden Tilefish population outside of 
commercial landings is important for evaluating the sustainability of the fishery and 
population changes.   
 
Determining sustainability in fish stocks relies on estimates of growth, age at maturity, 
longevity, natural mortality, and recruitment variability; all of which rely on an accurate 
estimate of age. By providing a large sample size of age data and other demographic data, 
such as length, weight, and growth rates, this study adds further insights into previous 
Golden Tilefish studies and contributes key data for life history research and population 
monitoring. This data can also now be used to access any future changes in age and size 
structure, or growth rates of the species, which is necessary due to their sensitivity to 
environmental changes. 
 
Given their highly specialized environmental, sediment and thermal preferences, Golden 
Tilefish may be highly vulnerable to environmental changes caused by climate change. 
For example, in 1882, there was a mass mortality of Golden Tilefish along Southern New 
England due to an intrusion of cold water from the Labrador Current (Fisher et al. 2014). 
This displays how sensitive the species is to temperature changes outside of their 
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traditional 9-14°C range (Grimes et al. 1986). While warming temperatures may initially 
increase fish growth, we cannot conclude that environmental variability from climate 
change will be advantageous to the species (Fisher et al. 2014). Having the detailed 
demographic information presented from our survey, such as length and age frequency 
distribution, will help monitor the population in their response to future human pressures 







2.5 Tables  
Table 2.1. Fork length (cm) and weight (kg) by sex of Golden Tilefish sampled from NW 
Atlantic. Data are mean ± 1 SD and range and represent all sampled individuals, except 
individual excluded from analysis for inaccurate weight and length 
Sex n Fork Length (cm) Weight (kg) 
Female 195 
43.8 ± 7.7 
(29.0–101.0) 
1.2 ± 1.2 
(0.3–13.0) 
Male 241 
48.0 ± 11.4 
(26.0–110.0) 
1.7 ± 2.1 
(0.1–22.1) 
Unknown 49 
41.3 ± 4.6 
(29.0–49.0) 










Table 2.2. Summary of otolith morphometrics, including number collected, age (yr), 
length (post-rostrum to rostrum; mm) and weight (mg) measured by sex from NW 
Atlantic Golden Tilefish that were used in age analyses. Data are mean ± 1 SD and range, 
and only represent otoliths from aged individuals (i.e., excluding back-calculate 
individuals). 
Sex n Age (yrs) Length (mm) Weight (mg) 
Female 175 
4.09 ± 2.6 
(3-30) 
13.5 ± 2.4 
(7.0–29.0) 




4.31 ± 2.3 
(3-30) 
14.5 ± 2.7 
(7.0–28.0) 
320.3 ± 226.8 
(79.7–2150.7) 
Unknown  40 
 
3.48 ± .6 
(3-5) 
13.0 ± 1.5 
(9.0–16.0) 













Table 2.3. Von Bertalanffy growth curve model results [L∞ represents the asymptotic 
length at which growth equals zero (cm), K represents the growth coefficient (yr-1), and t0 
represents age at size zero] summarized by female, male and the total population 
(including all aged individuals, even of unknown sex) of Golden Tilefish sampled from 












   n  𝑳∞   K     t0 
Female 175 96.9 0.09 -3.03 
Male 223 118.9 0.10 -0.80 




Figure 2.1. 2017 map of the sampling area. Red dots represent longline station locations. 
These were divided into 9 North-South regions (01-09) based on the NESFC bottom 
trawl survey latitudinal strata boundaries, and 4 depth strata (75-303.6 m), represented in 





Figure 2.2. Annotated example of a thin sectioned Golden Tilefish sagittal otolith (male, 
fork length = 53 cm, est. age-5) viewed using a stereomicroscope with transmitted light 
(20×) with a 1 mm scale bar. Age estimates were determined by interpreting opaque 











Figure 2.3. Frequency distribution of fork length (cm) of female (left panel), male 
(middle panel) and Golden Tilefish of unknown sex (right panel) collected from the NW 










Figure 2.4. Boxplots comparing fork length (cm) of female (left), male (middle) and 
Golden Tilefish of unknown sex (right) collected from the NW Atlantic in 2017. The 
notch represents the median, the top and bottom indicate the interquartile range (the 25th 
and 75th percentiles), and the whiskers represent the maximum and minimum ranges. 








Figure 2.5. Frequency distribution of weight (kg) of female (left panel), male (middle 
panel) and Golden Tilefish of unknown sex (right panel) collected from the NW Atlantic 









Figure 2.6. Boxplots comparing body weight (kg) of  female (left), male (middle) and 
Golden Tilefish of unknown sex (right) collected from the NW Atlantic in 2017. The 
notch represents the median, the top and bottom indicate the interquartile range (the 25th 
and 75th percentiles), and the whiskers represent the maximum and minimum ranges. 









Figure 2.7. Frequency distribution of age (years) of female (left panel), male (rmiddle 
panel), and individuals of unknown sex (right panel) collected from the NW Atlantic in 




Figure 2.8. Von Bertalanffy growth curves estimated for female (dark grey points, solid 
line), male (black points, short-dashed line) and all (unknown sex are light gray points, 
long-dashed line) Tilefish sampled from the NW Atlantic in 2017. For specific growth 







         
         
               :L∞=96.9 cm: K=.09 y-1 
                                                                                                                            :L∞=118.9 cm: K=.10 y
-1 







Figure 2.9. Fork length-weight relationships for female (dark grey points, solid line), 
male (black points, short-dashed line) and all (unknown sex are light gray points, long-
dashed line) Golden Tilefish sampled from the NW Atlantic in 2017. The power function 
trendline equations are shown on the top left of the graph 
 
                                     
                                     : y=8.33E-06 * (x3.1): R2= .88 
                                                   : y=1.55E-05 * (x2.9): R2= .85 




Figure 2.10. Individual growth rates (cm/yr) for all Golden Tilefish sampled from the 
NW Atlantic in 2017. This includes female (dark grey points), male (black points) and 








Figure 2.11. Boxplot comparing growth (cm/yr) of female (left panel), male (middle 
panel) and Golden Tilefish of unknown sex (right panel) collected from the NW Atlantic 
in 2017. The notch represents the median, the top and bottom indicate the interquartile 
range (the 25th and 75th percentiles), and the whiskers represent the maximum and 






3 SPATIAL AND TEMPORAL PATTERNS IN OTOLITH 
CHEMICAL SIGNATURES OF JUVENILE GOLDEN 
TILEFISH (LOPHOLATILUS CHAMAELEONTICEPS) IN 
THE NW ATLANTIC 
3.1 Introduction  
Patterns of connectivity or the exchange of individuals among subpopulations of a 
species, are important considerations in fisheries management, yet population 
connectivity remains unknown for many marine species (Clarke et al. 2009). The 
prevailing assumption for most marine fish species is that large-scale dispersal leads to 
highly connected, homogenous populations (Swearer et al. 2002). This, however, has 
been disputed in recent years. For example, Green and Wroblewski (2000) showed 
distinct spawning site fidelity, and migration patterns in Atlantic Cod (Gadus morhua) 
throughout Gilbert Bay, Labrador. This demonstrates the occurrence of subpopulations, 
even in close proximity, are possible in marine fish species, and can function as a 
metapopulation (Smedbol and Wroblewski 2002) 
 
Estimating connectivity is ecologically relevant across the range of a species’ 
distribution, as habitats or regions may contribute disproportionately to adult populations 
and influence the structure of these populations (Gillanders 2005, Vasconcelos et al. 
2008). Such information is decisive for managing commercially and recreationally 
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important fish populations, as well as identifying ecologically important habitats and 
resources that contribute to fisheries (Beck et al. 2001). Failure to recognize population 
complexity, namely the individual origin and composition, may lead to depletion of 
portions of the population with distinct ecological importance (Stephenson 1999), which 
can critically affect the long-term stability and sustainability of stocks (Fritsch et al. 
2007). 
 
Population connectivity is commonly delineated through tagging and tracking techniques 
(Gillanders et al. 2003, Pittman and McAlpine 2003) that determine movement patterns 
of a species. Conventional tagging methods, however, are difficult to execute for many 
marine fish species for a variety of reasons, including the large numbers of larvae with 
high mortality rates, the small size of juveniles, and tagging trauma (Thorrold et al. 2001, 
Gillanders 2002). Specifically, deep-water species may experience barotrauma during 
handling which results in swim bladder overexpansion, due to rapid changes in depth 
during tagging. This and other forms of stress from handling can lead to high rates of fish 
mortality post-tagging (Rummer and Bennett 2005, Nichol and Chilton 2006, Campbell 
et al. 2009, Williams et al. 2015).  
 
More recently, Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICPMS) has been used to study the connectivity of marine species through the 
characterization of the elemental composition of otoliths. This technique has been 
successful in distinguishing three primary stocks of Australian Snapper (Chrysophrys 
auratus) along the coast of Southern Australia (Fowler et al. 2017). Otoliths serve as 
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natural tags, as calcium carbonate material is accreted continuously into the otolith during 
fish growth(Campana 1999). As otoliths form, trace elements are incorporated based on 
the ambient water conditions and fish physiology (Campana 1999, Thomas et al. 2017). 
This results in the creation of distinct elemental bands or signatures that are permanently 
recorded into the otolith, which can then be used as chronological tracers across life 
history, including migration patterns and habitat use (Thorrold et al. 1998, Campana et al. 
2000) Otolith microchemistry has be applied to distinguish among spawning populations 
of Atlantic Cod (Gadus morhua) in the Kattegat and Öresund despite genetic 
homogeneity, most likely due to the greater sensitivity of otoliths to minor environmental 
influences (Svedäng et al. 2010). 
 
A wide variety of elements in the otolith have been shown to correlate with the 
environmental and physiological characteristics a fish experiences across life history. 
Strontium (Sr) and Barium (Ba), for example, correlate with salinity and temperature, 
with Strontium increasing and Barium decreasing in higher salinity waters, and 
Manganese (Mn) has been shown to increase in concentration in anoxic conditions (Bath 
et al. 2000, Limburg et al. 2015, Limburg and Casini 2018). Because otolith elemental 
concentrations reflect a fish's environment and physiology, differences in temperature, 
salinity, or other environmental characteristics can provide spatial and temporal 
information about a fish's habitat use. Differences in elemental signatures have been 
identified among fish from different estuaries and riverine systems (Gillanders 2002, 
Vasconcelos et al. 2008). For example, Secor et al. (2001) showed that the Sr/Ca ratio is 
high in Striped Bass (Morone saxatilis) that occupy the higher salinity mesohaline 
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estuary habitats of the Hudson River, whereas Ba/Ca ratio are high in individuals that 
were resident in the low salinity areas.  
 
Discrimination between distinct habitats such as estuary and riverine environments can 
be done at extremely fine scales, due to their isolation from each other and influence from 
freshwater sources allowing for variability in environmental qualities such as salinity and 
temperature. For example, (Ley and Rolls 2018) demonstrated the ability to distinguish 
Common Snook (Centropomus undecimalis) between river tributary nursery sites at 
scales of 1.0–4.5 km based on variability in Sr/Ca, Ba/Ca and Mn/Ca ratios. Marine 
environments, such as the NW Atlantic Ocean, however, are large bodies of water with 
minimal physical isolation, and therefore have more homogenous environmental 
characteristics, such as salinity, that is less likely to vary between locations and years. 
Most microchemical analyses of marine fish that don’t have an estuary-dependent life-
history stage are, therefore, conducted at large spatial scales, even different ocean basins 
(Rooker et al. 2001, Ashford et al. 2005). Clarke et al. (2009) however, observed 
elemental differences in otoliths of the Atlantic Silverside (Menidia menidia), at finer 
spatial scales, 5-10 km, using Sr/Ca, Ba/Ca, and Mn/Ca ratios, and demonstrated 
temporal variation in these ratios between years, highlighting the potential of this 
approach for understanding spatial and temporal habitat use of marine fish species. 
 
Understanding population connectivity, particularly for species in hard to reach 
environments, such as the deep-sea, is important for effective fisheries and ecosystem-
based management. Juvenile and adult life-history stages of the Golden Tilefish 
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(Lopholatilus chamaeleonticeps) in the NW Atlantic display a patchy distribution along 
the continental shelf and slope break (Frisk et al. 2018, Olin et al. 2020), with a 
propensity for high site fidelity that may be linked to thermal and sediment preferences 
for burrow construction (Able et al. 1982, Grimes et al. 1986). Golden Tilefish are 
fractional or batch spawners, releasing between two and eight million eggs (Grimes et al. 
1988) with spawning occurring from March–November with a peak in May–September 
in the NW Atlantic (Dooley 1978, Erickson et al. 1985). Larval duration, dispersal, and 
settlement data, however, is limited, impeding determination of population connectivity, 
as recruitment to local populations is dependent on larval settlement as well as juvenile 
and adult site fidelity.   
 
Assessment of population connectivity and subpopulation structure through otolith 
microchemistry requires environmental differences to be present between the study 
locations, such as salinity and temperature regimes. In the NW Atlantic, temperature and 
salinity can vary in the NW Atlantic, due to the influence of the Gulf Stream and the 
Hudson River respectively (Zhang and Gawarkiewicz 2015, Chen et al. 2018), resulting 
in possible differences in otolith Sr/Ca and Ba/Ca ratios at locations along regions 
influenced by these varying warm and freshwater masses. Moreover, the influence of the 
Hudson River to the NW Atlantic is not limited to freshwater input, as historically high 
levels of contamination due to human pollution, including metals such as Iron (Fe), 
Copper (Cu), Zinc (Zn), and Lead (Pb) (Benoit et al. 1999) have been noted. Assimilation 
of these heavy metals in the otoliths from the environment could possibly be used to 
distinguish individuals inhabiting the Hudson Canyon from other canyons along the 
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continental shelf. As otolith elemental incorporation is reflective of localized 
environments, such as Hudson Canyon, evaluation of these elemental concentrations may 
be valuable for identifying subpopulations. 
 
The objectives of this chapter are to use Laser Ablation Inductively Coupled Plasma 
Mass Spectrometry (LA-ICPMS) to characterize the elemental signatures of Golden 
Tilefish otoliths collected from juvenile fish sampled from two different regions in the 
NW Atlantic and across two years to investigate the ability of otolith microchemistry to 
act as a natural tag to discriminate Golden Tilefish subpopulations. I hypothesize that the 
elemental signatures will differ regionally, reflecting regional environmental 
characteristics, but not temporally due to the resident behavior of the species. As this 
species has a patchy distribution, with high site fidelity, this study contributes valuable 
data for understanding subpopulation structure and other life history characteristics of 
Golden Tilefish in the NW Atlantic Ocean, aiding in management of the stock.  
 
3.2 Materials and Methods 
3.2.1 Sample Collection and Otolith Preparation 
Complete sample collections and sagittal otolith processing methods, including 
embedding, sectioning, and age analysis, are presented in Chapter 1. Briefly, Golden 
Tilefish were captured during a fishery-independent survey along the NW Atlantic in the 
summer of 2017 (see Figure 2.1 for complete sampling area; Frisk et al. 2018). After 
body size metrics [fork length (cm) and weight (kg)] were obtained, sagittal otoliths were 
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removed, and stored in dry envelopes before being embedded and transversely sectioned 
for age analysis.  
 
To specifically address hypotheses related to spatial and temporal variability, otoliths (n 
= 22) were selected for microchemistry analysis based on two criteria: sampling location 
and individual age. To evaluate the first hypothesis of regional differences, otoliths were 
selected from individuals sampled from two regions in the NW Atlantic Ocean—the 
Southern New England (near Hudson Canyon; SNE), and the Southern New England 
Middle Grounds (near Atlantis/Veatch Canyon; SNE-MG) regions (Figure 3.1). These 
regions are separated by approximately 200 km and are potentially influenced by 
contrasting levels of environmental conditions such as freshwater and anthropogenic 
inputs from the Hudson River and the Gulf Stream (Figure 3.1). To evaluate the second 
hypothesis of resident behavior, otoliths were selected from similarly aged juvenile fish, 
specifically aged-3/aged-4 fish (Chapter 1) that have experienced the same environmental 
regime.  
 
Sections containing the otolith core were mounted to a petrographic slide (Lakeside® 
Brand, #452, Monee, IL) using crystal bond™ 509 adhesive. The mounted sections were 
then polished using a sequence of 40, 15, and 9 µm 3M micro-finishing film wetted with 
distilled water until the core was visualized under reflected light (Figure 3.2).  
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3.2.2 Laser Ablation 
Laser ablation using a Teledyne Analyte Excite Excimer Laser Ablation System equipped 
with an ARIS (Aerosol Rapid Introduction System) coupled with a Thermo iCAP-TQ 
inductively coupled plasma mass spectrometer was performed at the State University of 
New York School of Environmental Science and Forestry (SUNY-ESF), Syracuse, NY, 
in collaboration with K. Limburg and D. Driscoll. Instrument power was set between 20-
25%, 10 Hz, with a 110 µm spot size, at speeds between 5-10 µm/sec. A 30 second warm 
up was done before ablation. Data was acquired over 3 channels with a 0.1 second dwell 
time. Otoliths were ablated from the ventral to dorsal edges through the core (Figure 3.3). 
The elements analyzed were Calcium (43Ca, with 44Ca being used as a check), Strontium 
(88Sr), Barium (138Ba), Copper (63Cu), Zinc (66Zn), Manganese (55Mn), Lead (207Pb), 
Magnesium (24Mg), Phosphorus (31P), Lithium (7Li), Boron (11B), and Iodine (127I). These 
elements were selected due to the frequency of use in previous microchemical analyses 
for stock discrimination and correlation with environmental factors (Clarke et al. 2009, 
Limburg et al. 2015, Fowler et al. 2017, Limburg et al. 2018). The MAPS-4 USGS 
phosphate standard or the MACS-3 USGS carbonate standard were used to calibrate the 
samples. Standard precision was mostly below 10% RSD. Standards and samples are 
background subtracted and drift corrected, and some spikes were removed by 
interpolation. Data reduction was performed in Microsoft Excel to produce concentration 
data (ppm). Granneman et al. (2017) determined that many of these elements, including 
Pb, were consistently recorded above detection limits in Golden Tilefish otoliths from the 
Gulf of Mexico, giving confidence in the application of the technique for the species. 
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3.2.3 Microchemistry Data Analysis 
 
Elemental concentrations were expressed as ratios to Ca to account for variations in the 
amount of ablated otolith material (Limburg and Casini 2018). Data analysis was 
performed in Microsoft Excel (2018) and in R (version 4.0.5, R Development Core 
Team, 2021) within the RStudio interface (version 1.1.463, R Studio Team, 2021).  
 
Elemental data was graphically represented by distance from the core (um). To correlate 
elemental data with the transect, an image of its corresponding polished otolith was 
edited to display the transect path as linearly as possible, and overlaid with element/Ca 
plots. Elemental data was categorized by year along the ventral side through the 
alignment of growth zones with Mg/Ca, where the chemical minima generally 
corresponded with translucent annuli (Figure 3.4). For age-3 fish, the total transect area 
of first opaque growth zone on the ventral side past the core to the first translucent 
annulus was categorized as the year 2015, the second growth zone to the second 
translucent annulus was categorized as 2016, and the last growth zone to the otolith edge 
was categorized as 2017. For age-4 fish, the first growth zone past the core was 
categorized as 2014, and the following growth zones were categorized accordingly. The 
dorsal side of the otolith was not used for analysis due to limited ability to distinguish 
growth zones, and therefore categorize by year. 
 
Elemental data was transformed using Box-Cox transformations to improve normality 
through the geoR (Ribeiro Jr et al. 2020), MASS (Venables and Ripley 2002), readxl 
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(Wickham and Bryan 2019), knitr (Xie 2021), tidyverse (Wickham et al. 2012), and dplyr 
(Wickham et al. 2020) packages in R. Ratios below detection were removed before 
transformation. Cu/Ca, Zn/Ca, and I/Ca were removed from analysis due to frequency of 
values below detection. Li/Ca was left untransformed based on the qqplot showing 
normality. Box-Cox transformation lambda values for the elemental ratios were: 0.264 
(B/Ca), 0.353 (Ba/Ca), -1.033 (Mg/Ca), 0.121 (Mn/Ca), 0.258 (P/Ca), -0.068 (Pb/Ca), 
and -0.670 (Sr/Ca).  
 
To test for regional and temporal differences in overall microchemical signatures 
between regions and years, a multivariate analysis of variance (MANOVA) was 
performed using Box-Cox transformed elemental ratios, averaged individually by year, 
with region and year set as factors. Interaction between these two factors was also tested. 
Pillai’s trace statistic was used for this MANOVA test due to its robustness when 
handling small sample sizes and deviations from MANOVA assumptions (Scheiner and 
Gurevitch 2001). Significance was set at an α value of 0.05. To examine regional and 
temporal differences of individual elements, univariate output of the MANOVA 
(ANOVA) was subsequently examined, with region and year set as factors. Interaction 
between these two factors was also tested.  
 
To examine the ability of otolith microchemistry to distinguish between regions and 
years, quadratic discriminant function analysis (QDFA) with leave-one out cross 
validation was used to determine classification success through the MASS (Venables and 
Ripley 2002) package in R. This was run using both Box-Cox transformed values of the 
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otolith transect (regional fingerprint) and for each annulus (temporal fingerprint). 
Element/Ca ratios below detection (i.e., NAs) were excluded. Non-metric 
Multidimensional Scaling (NMDS) plots were created using the vegan (Oksanen et al. 
2020) package in R with 95% confidence ellipses to visualize regional and temporal 
differences in multi-elemental signatures. 
3.3 Results 
A summary of capture location, age, total length and weight of fish used for 
microchemistry analysis, is shown in Table 3.1. Data derived from the annulus 
representing 2017 was not included in subsequent analyses due to incomplete growth of 
that age band and ablated transects ending prematurely in some individuals. 
3.3.1 Regional Differences in Otolith Signatures 
Golden Tilefish otoliths from juvenile individuals did not show significant geographic 
differences in elemental signatures between SNE and SNE-MG regions in the NW 
Atlantic Ocean based on MANOVA analysis (p = 0.071, Table 3.2). The Pb/Ca ratios, 
however, showed significant regional differences based on subsequent univariate output 
of the MANOVA (i.e., ANOVA) with higher ratios in individuals from the SNE-MG 
compared to those from SNE (Table 3.3, Figure 3.5). The Mn/Ca ratios, in general, 
tended to be greater in the SNE region, and Mg/Ca ratios tended to be greater in the SNE-




Regional fingerprint separations identified by the QDFA are visualized in a Non-Metric 
Multi-Dimensional Scaling plot with 95% confidence ellipses indicating substantial 
overlap among elemental signatures across regions (Figure 3.6). The Southern Hudson 
Canyon appeared to show some separation from other regions when looking at canyon 
specific signatures, specifically from the Northern Hudson Canyon region, although 
confidence ellipses were not examined (Figure 3.6). The SNE Tilefish had wider 
confidence ellipses, indicating greater variability in the elemental composition in this 
region in comparison to the SNE-MG (Figures 3.6, 3.7). 
3.3.2 Temporal Differences in Otolith Signatures 
Multivariate otolith elemental signatures of Golden Tilefish showed significant temporal 
differences between 2015 and 2016 (p = 0.017, Table 3.2). In general, temporal trends 
varied by element, with neither year being consistently lower or greater in their 
element/Ca ratios (Figure 3.5). The univariate output of the MANOVA showed that 
significant year effects were present for two of the eight elements, Ba/Ca and Mn/Ca 
(Table 3.3). For these elements, Ba/Ca was greater in 2016, while Mn/Ca was greater in 
2015 (Figure 3.5). Mg/Ca decreased between years with lower ratios being recorded in 
2016, and Sr/Ca increased between the years with higher ratios recorded in 2016, 
especially for the SNE-MG (Figure 3.5), though these trends were not significant. No 
significant region × year interaction (p = 0.973, Table 3.2) was observed.  
 
A Non-Metric Multi-Dimensional Scaling plot fitted with 95% confidence ellipses 
showed overlap among regions in each year (Figure 3.7). In general, annual ellipses were 
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larger for fish sampled from the SNE compared to SNE-MG (Figure 3.7). A similar trend 
was observed between locations; specifically, widening confidence ellipses were 
observed between years (Figure 3.7). There appeared to be a greater distinction between 
the two locations in 2015 than in 2016, given the more concise nature of the ellipse.  
3.3.3 Classification to Region of Capture 
Results of the QDFA with leave-one-out cross validation showed classification at both 
regional and temporal scales of the juvenile Golden Tilefish otolith signatures, however 
the classification success was relatively low. Classification accuracy using individual 
chemical signatures (i.e., transect of two annuli) showed an overall classification success 
of 31.8% (Table 3.4). Using year-specific signatures, the percentage of positively 
classified Golden Tilefish was 50% for 2015 but decreased to 10% for the 2016 
signatures (Table 3.4). Classification was highest (54.5%) for fish sampled from SNE-
MG in 2015.  
3.4 Discussion  
Few studies to date have used otolith elemental signatures to examine patterns of 
connectivity in marine fish species, especially those with unique habitat preferences and 
resident burrowing behavior, and are largely limited to studies of species that use distinct 
habitats across life-history such as estuaries and rivers (Clarke et al. 2009). The elemental 
signatures of juvenile Golden Tilefish otoliths collected from the NW Atlantic Ocean 
analyzed in this study showed subtle spatial and temporal patterns in concentrations 
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suggesting the potential for this technique to provide insight into the habitat use and 
connectivity of Golden Tilefish in this region. Results suggest, therefore, that there is 
elemental variability at relatively small spatial scales (200 km) in the continental shelf 
and slope environment, to use otolith microchemistry to track habitat connectivity of 
Golden Tilefish, however refinement in the approach is needed for the use of this 
technique as natural tags in this species.  
3.4.1 Regional Differences 
Statistically significant spatial differences in overall otolith elemental signatures were not 
observed, rather the differences in elemental signatures observed between regions were 
subtle and, in some cases, contrary to our predictions. We expected that the possible 
differential influence of the Hudson River and the Gulf Stream would distinguish the two 
regions based on different associations with these water masses. Otoliths of individuals 
captured from the SNE-MG exhibited significantly higher Pb/Ca ratios compared to 
individuals from SNE; this is despite the Hudson River delivering anthropogenic 
contaminants, such as Lead, onto the continental shelf, and should have been reflected as 
greater concentrations in the otoliths of individuals from the SNE region (Benoit et al. 
1999, Balcom et al. 2008, Roose et al. 2021). Moreover the similarity between regions in 
Ba/Ca and Sr/Ca ratios (Zhang and Gawarkiewicz 2015, Chen et al. 2018) suggest that 
salinity and temperature were consistent and that cool, freshwater from the Hudson River 
did not differentiate elemental composition among regions. The lack of statistical 
significance between regions likely reflects the narrow habitat characteristics in terms of 
temperature, salinity and sediment preference for burrow construction preferred by the 
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species. For example, Golden Tilefish CPUE is highest in areas where temperature and 
salinity ranged between 10.0–12.4°C and 34.2–35.3 psu, respectively, and bottom type 
was characterized as medium sand (0.25–0.5 mm grain size) (Frisk et al. 2018); areas 
where samples for this study were derived. This could suggest that the microchemistry 
reflects the broad habitat preferences of the species and propensity to reside in stable 
environmental regimes across the study area. Alternatively, the limited spatial 
discrimination could suggest movement of individuals between the regions. Directed 
evaluation of movement in these species across their life history is largely absent from 
the literature. Current knowledge regarding site fidelity is based on observation (Able et 
al. 1982) and a single mark–recapture study of adults conducted in the Hudson Canyon 
implying minimal movement from established burrows (Grimes et al. 1986). A greater 
understanding of movement patterns across life-history stages, including larval and 
young-of-year individuals, should therefore be a future priority for resource managers 
particularly over smaller spatial scales given this species' patchy distribution. 
 
Higher Mg/Ca concentrations were observed in Golden Tilefish from the SNE-MG 
compared to those from SNE. This may be a consequence of the dominant age group 
analyzed from each region, as age-3 fish were in greater proportion to age-4 fish in SNE-
MG, with the opposite proportions for fish from the SNE. Magnesium concentrations in 
otoliths have been linked to the physiological condition and growth of fishes. For 
example, Limburg et al. (2018) showed that the incorporation of Mg correlates with 
metabolic activity, whereby higher Mg/Ca levels were noted in early life-history of 
fishes, followed by a transition to lower levels as the fish age. Thus, the higher proportion 
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of age-3 fish could explain the differences between regions as fish from the SNE-MG 
have a greater growth rate compared to fish from SNE (Dawson Chapter 2). Observed 
ontogenetic differences in Mg/Ca in otoliths and the magnitude of those differences could 
be related to differences in larval/juvenile and adult habitats, trophic levels, behaviors, 
among other (Limburg et al. 2018), though we cannot distinguish those influences in this 
study. A longer time series in Golden Tilefish otoliths could help to inform on these 
mechanisms. Magnesium could also serve as a proxy for growth in Golden Tilefish, but 
would need to be further evaluated with traditional age estimates and growth models. 
Given the sample size of fish used in this analysis and the limited age range, this 
correlation was not possible to confirm. Future work, however, should consider this line 
of inquiry. Development of a proxy to traditional age and growth techniques would be 
valuable for aging species, such as Blueline Tilefish (Caulolatilus microps), a sympatric 
deep-water species, that does not exhibit clear opaque and translucent growth bands 
needed for traditional aging techniques (SEDAR 2017).  
Otolith elemental signatures were classified with some success to the different regions 
(31.8%; Table 3.4). Though this classification rate is much lower than observed for the 
Atlantic Silverside (Clarke et al. 2009), it does suggest variability in elemental signatures 
among regions. To standardize our comparisons, we focused our analysis on similarly 
aged juvenile fish. To accommodate this, juvenile fishes were selected from regions of 
different size. The SNE region encompassed an area of 2,508 km2 and included sites east 
and west of the Hudson Canyon, whereas the SNE-MG encompassed an area of 1,711 
km2 and included sites from two canyons, Veatch and Atlantis. Considering a sample size 
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of eleven individuals from each location the differences observed merits continued 
investigation, though refining the approach may be needed. For example, analyzing fish 
from specific longlines may produce more spatially explicit signatures and should be 
considered in the future. Similarly, analyzing fish from other locations such as Baltimore 
Canyon in the southern extent of the species NW Atlantic Ocean range could produce a 
broader perspective on subpopulation structure in addition to the use of otolith elemental 
signatures for delineate regional canyon habitats. Spatial scales of this extent are more in 
line with finding of other marine deep-sea species such as the Patagonian Toothfish, 
Dissostichus eloninoides, whose otolith microchemistry demonstrated significant 
separation between fish captured in South America and Antarctica basins (Ashford et al. 
2005). Regardless, and despite overlap, the elemental signatures of fish from SNE-MG 
were narrower than the elemental signatures of fish from SNE, based on smaller 
confidence ellipses and suggest that there are some differences between the two regions. 
Furthermore, analysis at smaller scales may show more elemental differences, as 
displayed by individuals from Northern and Southern Hudson Canyon demonstrating 
some separation when examining more specific locations. Whether these differences 
reflect environmental or physiological differences among regions, requires further 
investigating. At a minimum, the application of this approach to discriminate 
subpopulation structure holds promise and highlights the point that additional work to 
understand the otolith microchemistry in these species is warranted.  




The elemental signatures of Golden Tilefish captured along the NW Atlantic shelf-edge 
demonstrated significant temporal variability. This was an unexpected finding, given the 
noted habitat specificity of the species, and the expectation that this specificity would 
result in temporally stable elemental signatures. However, what this does suggest is that 
environmental characteristics or water quality differed among years. The differences 
observed among year was driven by two elements, Ba and Mn that exhibited opposite 
trends; Ba/Ca ratios increased over time while Mn/Ca ratios decreased over time. The 
Ba/Ca ratios in the otolith have been shown to negatively correlate with salinity, 
indicating freshwater input (Bath et al. 2000, Secor et al. 2001). Manganese has been 
positively associated with hypoxia, with potential for growth effects (Limburg et al. 
2015, Limburg and Casini 2018). Collectively these elements suggest that in 2015, 
Golden Tilefish experienced a less salty and less oxygenated environment relative to 
2016. Interestingly, in contradiction of the possibility of greater freshwater intrusions in 
2016, though not significant, the Sr/Ca ratios also increased from 2015, though this could 
be a result of increasing temperature or physiological effects. These results are not 
limited to Golden Tilefish in one region, therefore making inference regarding drivers of 
these water quality differences challenging. However, it important to note, that Mg/Ca, a 
proxy for growth and metabolism (Limburg et al. 2018) showed a decreasing trend 
between 2015 and 2016 as the fish age. Whether this trend was limited to one year is 
unclear but highlights the importance for evaluating temporal trends in otolith chemistry, 




In the NDMS graphs, it appeared that the SNE-MG displayed temporal variation in their 
microchemical signatures, while the SNE area appeared to have more temporally stable 
signatures, indicated by their confidence ellipses. Temporal differences suggest that 
environmental variability over time might be more important in SNE-MG, and that while 
there are less factors influencing the otolith composition in the region, these influences 
are more variable. NMDS plots also indicate that variability in elemental signature 
increased over time. This could indicate increasing environmental variability, or 
physiological changes in the fish due to aging.  
 
Temporal differences in otolith elemental signatures of sequential year classes suggest 
that the natural tags are year-class specific. These differences were consistent across 
regions with increased variance in otolith signatures between years as evidenced by the 
MDS plots that showed. Classification accuracies of Golden Tilefish mimicked these 
trends with higher accuracies in 2015 (~50%) relative to 2016 (~10%). Other studies 
investigating temporal trends in otolith signatures of marine fish have reported similar 
annual differences (Gillanders 2002, Warner et al. 2005, Clarke et al. 2009) in 
classification accuracy, suggesting that spatial differences can vary by year in many 
species.  This highlights that the cause of interannual variability in Golden Tilefish 
elemental signatures needs more thorough evaluation. Regardless of the underlying 
causes of the observed temporal differences, our results suggest knowledge of temporal 
variation in otolith elemental concentrations is required at a range of scales to determine 
how they can be used for studies of connectivity between the juvenile and adult life 
history stages. Overall, the otolith signatures were relatively consistent over time, 
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however additional data in a times series is needed to resolve residence behavior of the 
species.  
 
Change in elemental signatures over time could be due to environmental change or 
physiological differences. For example, Clarke et al. (2009) demonstrated temporal 
variability in elemental signatures of the Atlantic Silverside, concluding the need for 
year-specific signatures (Clarke et al. 2009) to understand habitat connectivity. This 
study examined the first few years of Golden Tilefish life, a period of high growth 
(Dawson Chapter 2). The earliest year examined, 2015, consists of age-1 and age-2 
fishes. The elemental signature of age-1 may reflect a portion of the individual’s pelagic 
larval stage before settlement. This may have also led to the greater distinction between 
regions in 2015, with SNG-MG being dominated by younger individuals in this study, as 
the pelagic environments could have been more environmentally distinct than the fish 
experience post-settlement. Similarly, growth rates among male and female Golden 
Tilefish differ (Dawson Chapter 2), with males growing faster than females. Though we 
were not able to compare males and females in this study due to sample size, the 
interannual differences observed could reflect the different growth rates among sexes. 
Future work should address sex, particularly during juvenile life stages when growth 
varies. 
3.4.3 Implications 
I expected to observe distinct spatial differences in microchemical signatures given the 
ecology of the species (specific habitat preferences) and the differentially influenced 
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areas in the NW Atlantic; one that is possibly more greatly influenced by freshwater from 
the Hudson River and one that is more influenced by the Gulf Stream. Regardless, we did 
see subtle variability among locations and among years to suggest that the utility of this 
approach for further research. While otolith microchemistry has previously been used to 
access Golden Tilefish heavy metal exposure and lesion formation after the Deepwater 
Horizon oil spill (Granneman et al. 2017), this is the first study to access spatial and 
temporal variability and discrimination for the species using otolith elemental signatures 
and is the first step in providing information regarding metapopulation dynamics.  
 
Here we demonstrated that the elemental signatures of juvenile Golden Tilefish otoliths 
showed subtle regional differences along the continental shelf and slope environment, 
though this was not significant overall based on the MANOVA. One element (Lead), 
however, demonstrated significant regional variability. This led to low accuracy success 
when attempting to classify the individuals back to their capture location. Therefore, this 
research indicated that microchemistry analysis was insufficient to currently distinguish 
localized populations, and that subpopulation structure is not present across the study 
area. This could indicate that the signature represents the distinct environmental 
characteristics, such as temperature, required to sustain Golden Tilefish populations. 
Nuance is, therefore, required when assessing microchemistry. Our study, however, was 
limited by a small sample size, and variable individual age. Therefore, more research is 
needed to determine if there is subpopulation structure and metapopulation dynamics and 
determine the feasibility in using microchemistry as a natural tag. Future research should 
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assess whether these results are consistent when using larger sample sizes, age 



























Individual Location Age 
(yrs) 
Fork Length  




GTL-0002 Southern New England 3 38.0 0.6 M 
GTL-0007 Southern New England 3 40.0 0.7 UNK 
GTL-0008 Southern New England 4 38.0 0.6 F 
GTL-0097 Southern New England 3 38.0 0.7 F 
GTL-0126 Southern New England 4 44.0 1.2 F 
GTL-0154 Southern New England 4 43.5 0.9 F 
GTL-0159 Southern New England 4 37.0 0.3 UNK 
GTL-0160 Southern New England 4 43.5 0.6 F 
GTL-0168 Southern New England 4 37.0 0.6 F 
GTL_0172 Southern New England 4 45.0 1.1 M 
GTL-0174 Southern New England 4 37.0 1.2 F 
GTL-0312 SNE Middle Grounds 3 40.0 0.7 M 
GTL-0316 SNE Middle Grounds 3 42.0 0.9 F 
GTL-0317 SNE Middle Grounds 3 42.0 1.0 UNK 
GTL-0328 SNE Middle Grounds 3 39.0 0.9 M 
GTL-0369 SNE Middle Grounds 3 42.0 0.9 F 
GTL-0373 SNE Middle Grounds 4 51.0 1.5 M 
GTL-0376 SNE Middle Grounds 4 41.0 0.8 F 
GTL-0439 SNE Middle Grounds 3 42.0 0.8 F 
GTL-0455 SNE Middle Grounds 4 47.5 1.4 M 
GTL-0462 SNE Middle Grounds 4 44.0 1.0 UNK 
GTL-0463 SNE Middle Grounds 3 42.0 0.9 UNK 
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Table 3.2. Results of MANOVA examining regional and temporal differences in the 
otolith chemistry of Golden Tilefish. Significant results at α = 0.05 are bolded.  
 
df Pillai Test F p 
Region 1 0.356 2.076 0.071 
Year 1 0.434 2.873 0.017 
Region × Year 1 0.139 0.608 0.764 
Residuals  37    
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Table 3.3. Univariate results of MANOVA examining regional and temporal differences 
in otolith chemistry of Golden Tilefish. Significant results at α = 0.05 are bolded. 
 df MS F p 
B/Ca     
Region 1 0.07 2.48 0.124 
Year 1 0.00 0.11 0.741 
Region x year 1 0.00 0.11 0.743 
Residuals 37 0.03   
     
Ba/Ca     
Region 1 0.00 0.40 0.533 
Year 1 0.03 4.71 0.036 
Region x year 1 0.00 0.03 0.857 
Residuals 37 0.01   
     
Li/Ca     
Region 1 0.00 0.16 0.696 
Year 1 0.00 1.79 0.190 
Region x year 1 0.00 0.06 0.805 
Residuals 37 0.00   
     
Mg/Ca     
Region 1 0.29 3.08 0.088 
Year 1 0.00 0.03 0.856 
Region x year 1 0.07 0.81 0.374 
Residuals 37 0.09   
     
Mn/Ca     
Region 1 0.05 0.69 0.410 
Year 1 0.36 4.83 0.034 
Region x year 1 0.14 1.92 0.174 
Residuals 37 0.08   
     
P/Ca     
Region 1 0.51 0.90 0.348 
Year 1 0.04 0.07 0.789 
Region x year 1 0.00 0.00 0.977 
Residuals 37 0.56   
     
Pb/Ca     
Region 1 46.82 8.32 0.006 
Year 1 1.16 0.21 0.653 
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Region x year 1 1.89 0.34 0.566 
Residuals 37 5.62   
     
Sr/Ca     
Region 1 0.00 0.35 0.558 
Year 1 0.00 1.30 0.262 
Region x year 1 0.00 0.50 0.483 

























Table 3.4. QDFA classification success using leave-one out cross-validation of Box-Cox 
transformed ratios. The predicted region columns represent the number of individuals 
assigned to a region based on elemental signature, while the rows represent the actual 
capture region. Bold numbers represent the number of individuals correctly assigned to 
their capture region, and % correct represents this number divided by the actual number 
of individuals captured from the region. The first matrix represents the total classification 
success using Box-Cox transformed elemental ratios averaged over both years, while the 
following matrixes represent the year specific classification. SNE = Southern New 
England, SNE-MG = SNE-Middle Grounds. 
 Predicted Region % Correct 
Region SNE SNE-MG  
SNE 4 7 36.4% 
SNE- MG 8 3 27.3% 
Mean   31.8% 
    
Region × Year    
2015    
SNE 5 6 45.5% 
SNE-MG 5 6 54.5% 
Mean   50.0% 
    
2016    
SNE 2 8 20.0% 
SNE-MG 9 0 0.0% 









3.6 Figures  
Figure 3.1. Distribution of the Golden Tilefish chosen for microchemical analysis 
sampled from the NW Atlantic Ocean. Red points indicate capture stations within the two 
regions of the study; Southern New England near Hudson Canyon and Southern New 







Figure 3.2. Polished otolith of an aged-3 Golden Tilefish imaged under reflected light 
(magnification 25x). The core is visible, having an appearance similar to an eye, and is 
















Figure 3.3. Sectioned otolith post-ablation. The transect path of the laser can be seen left 














Figure 3.4. Annual classification of an aged-3 fish. The image has been edited to display 
the transect path linearly. The Mg/Ca ratio transect was overlaid on an image of the 
otolith to aid in the annuli designation, following Limburg et al. (2018). The transect 
section corresponding to the first growth band or annuli represents 2015 (yellow); the 
transect section corresponding to the second annuli represents 2016 (green); the transect 










Figure 3.5. Box plots depicting raw otolith Element/Ca ratios by region and year. The 
notch represents the median, the top and bottom indicate the interquartile range (the 25th 
and 75th percentiles), and the whiskers represent the maximum and minimum ranges. 




Figure 3.6. Multidimensional Scaling (MDS) plot of regional Golden Tilefish otolith 
elemental signatures fitted with 95% confidence ellipses. Each point represents Box-Cox 
transformed Element/Ca ratios, including eight element/calcium ratios of the respective 
otolith. Black points represent individuals from Southern New England (SNE) and light 
grey points represent individuals from the SNE-Middle Grounds (SNE-MG). Squares 
represent the Northern Hudson Canyon (NHC), circles represent the Southern Hudson 
Canyon (SHC), triangles represent the Atlantis Canyon (AC), and diamonds represent the 




Figure 3.7. Multidimensional Scaling (MDS) plot of temporal Golden Tilefish otolith 
elemental signatures fitted with 95% confidence ellipses. Each point represents Box-Cox 
transformed Element/Ca ratios, including eight element/calcium ratios of the respective 
otolith. Black points represent individuals from Southern New England (SNE) and light 
grey points represent individuals from the SNE-Middle Grounds (SNE-MG). Circles 
represent individuals that were 1 year old during the year in question, triangles represent 
individuals that were 2 years old during the year in question, and squares were 





4 GENERAL DISCUSSION  
 
Increasing demand has caused fisheries to expand their reach to further depths (Haedrich 
et al. 2001). Deep-sea fish, however are understudied, with limited knowledge on their 
life history characteristics such as growth, age, and population structure (Dransfeld et al. 
2013). This includes Golden Tilefish, a patchily distributed, long-lived, demersal fish that 
creates and occupies burrows along the NW Atlantic Ocean continental shelf-edge 
(Turner et al. 1983). The majority of information towards deep-sea fish demographics is 
derived from the fishing industry, specifically from reported commercial and recreational 
catches. Fishery-dependent data, however, is limited, most notably by size-selectivity due 
to fishery regulations such as minimum size limit, gear restriction (e.g., hook size, bait 
type), area closures, and depth restrictions. Fishery-independent surveys provide an 
opportunity to collect data without the influences of the dynamics of a fishery as listed 
above. My research used fish collected as part of fishery-independent survey to advance 
our understanding of Golden Tilefish in the NW Atlantic through the estimation of age 
and growth parameters, and the application of otolith microchemistry to distinguish 
patterns of habitat connectivity among individuals inhabiting relatively small spatial 
scales (200 km).  
 
Age and growth estimates are essential for informing stock assessment and management 
decisions. Information on the age and growth of fish is commonly used to construct 
age/length relationships used in population assessment models, estimate growth 
parameters, and perform comparative studies of growth performance among different 
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stocks and species experiencing different environmental factors (Begg 2005). In Chapter 
2, I estimated age and modeled growth parameters of Golden Tilefish caught off the 
continental shelf of the NW Atlantic during a fishery-independent survey of the species 
population and distribution. Though studies have reported age and growth estimates for 
the northern stock of Golden Tilefish (Turner et al. 1983, Vidal 2009, McBride et al. 
2013) those studies focused on fish collected from the commercial and recreational 
fishery, which are targeted towards a specific size class of individuals in the population. I 
demonstrated that the age estimates and growth parameters were consistent with previous 
studies derived from the commercial fishing industry, complementing existing estimates, 
but also providing a more detailed understanding of the population in its entirety, 
unbiased by the targeting of market sized individuals. The findings from my assessment 
also show varying age structure and year classes expected to be recruited into the fishery 
in subsequent years. These data are valuable for monitoring the stock of Golden Tilefish, 
independent of commercial reports and will aid stock assessors in the management of this 
species. They also highlight the importance of independent assessment of the NW 
Atlantic Golden Tilefish population outside of commercial landings for evaluating the 
sustainability of the fishery and population changes by demonstrating a higher proportion 
of small, immature individuals that would not be as readily captured in commercial 
fisheries.  
 
Golden Tilefish are managed as three stocks in U.S. waters: The Southern New 
England/Mid-Atlantic stock, The Southern Atlantic stock, and the Gulf of Mexico stock  
(NOAA 2021). Due to the habitat preferences and resident behavior of the species, 
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however, there is a possibility of localized, subpopulations. Evidence of subpopulations 
and connectivity among individuals within a stock is potentially important when 
considering such things as the resilience of a population to fishing pressure and when 
designing marine protected areas (Clarke et al. 2009). In Chapter 3, I evaluated spatial 
and temporal patterns in otolith microchemical signatures, used as natural environmental 
and physiological tags, to understand subpopulation structure of Golden Tilefish in the 
NW Atlantic. I demonstrated subtle regional and temporal differences in the 
microchemical signatures of juvenile Golden Tilefish, such as smaller confidence ellipses 
in the SNE-MG though the microchemical signatures did overlap among regions. These 
results could be due to the environmental selectivity of the species due to their strict 
habitat requirements for burrowing leading to a more homogenous environmental 
experience, and small spatial scale. The spatial signatures therefore could signify the 
environmental characteristics that are capable of supporting Tilefish populations. The 
elemental signatures did vary by year, possibly due to environmental or physiological 
variability over time, suggesting that any further analysis of elemental signatures would 
need to be year specific.  
 
This research is the first step in analyzing the metapopulation dynamics of Golden 
Tilefish using otolith microchemistry. While my results did not confirm subpopulations, 
more research is required to evaluate subpopulation structure in the area. Future studies 
should focus on collecting and analyzing larval and newly settled individuals to estimate 
settlement time, and natal origins using otolith microchemistry. For example, larval life-
history stages would contribute to our understanding of connectivity among populated 
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areas, in addition to defining larval duration prior to settlement; two components of the 
Golden Tilefish’s ecology that remain unknown. Moreover, analysis of older fish, such as 
age-6 to age-7, would contribute to our understanding of movement behaviors. These 
individuals are slower growing and have been settled for longer periods of time, meaning 
that they are more physiologically stable, therefore limiting variability in otolith 
elemental signature to environmental changes or movement. My results do show that 
there is subtle spatial variability among two different regions, suggesting that evaluation 
of a broader spatial scale may be a promising avenue of future research. Evaluating 
Golden Tilefish across their range in the NW Atlantic, in areas of high abundance 
including the Baltimore Canyon may be more informative.  
 
Overall, the information and data generated in this thesis provides a baseline for further 
research of the Golden Tilefish population in the NW Atlantic. The thesis contributes 
valuable demographic details for the species from an unbiased fishery-independent 
survey, such as growth rate and age structure that can be used as a baseline for 
monitoring any changes in the species stock health. The research also took the first step 
in examining metapopulation structure, population connectivity, and habitat use in the 
population using otolith microchemistry. These insights are key for the effective 
management of the species, including stock designation, and capture and size limits, 
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